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Abstract 

In this review, we discuss the role of the various experimental programs taking part in the 
broader effort to identify the particle nature of dark matter. In particular, we focus on elec- 
O^J ' troweak scale dark matter particles and discuss a wide range of search strategies being carried 

out and developed to detect them. These efforts include direct detection experiments, which 
attempt to observe the elastic scattering of dark matter particles with nuclei, indirect detection 
experiments, which search for photons, antimatter and neutrinos produced as a result of dark 
matter annihilations, and collider searches for new TeV-scale physics. Each of these techniques 
could potentially provide a different and complementary set of information related to the mass, 
s ! ' interactions and distribution of dark matter. Ultimately, it is hoped that these many different 

tools will be used together to conclusively identify the particle or particles that constitute the 
dark matter of our universe. 
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1 INTRODUCTION 

There exists a wide array of evidence in support of the conclusion that most 
of the matter in our universe is non-luminous. This includes observations of 
the rotational speeds of galaxies (1), the orbital velocities of galaxies within 
clusters ([2]), gravitational lensing ([3]), the cosmic microwave background ((D), the 
light element abundances ([5]) and large scale structure . Despite these many 
observational indications of dark matter, it is clear that it does not consist of 
baryonic material or other known forms of matter. For the time being, we remain 
ignorant of the particle identity of this substance. 

In this review, we summarize some of the most promising strategies and tech- 
niques being pursued to elucidate the nature of dark matter. These efforts in- 
clude direct detection experiments designed to observe the elastic scattering of 
dark matter particles with nuclei, indirect detection experiments which hope to 
detect the annihilation products of dark matter such gamma rays, neutrinos, 
positrons, antiprotons, antideuterons, synchrotron radiation and X-rays, and col- 
lider searches for dark matter and associated particles. 

The material presented here is not intended to be an exhaustive summary of 
the field of dark matter physics. Such reviews can be found elsewhere (|7J). In 
this article, we limit our discussion to the case of candidate dark matter particles 
with electroweak scale masses and couplings. Furthermore, for the sake of length, 
we do not discuss every experimental approach being pursued, but instead focus 
on several of the most promising direct, indirect and collider efforts, and on the 
interplay and complementarity between these various programs. 

We would like to emphasize that the detection of dark matter particles in any 
one of the experimental channels discussed here will not alone be sufficient to 
conclusively identify the nature of dark matter. The direct or indirect detection 
of the dark matter particles making up our galaxy's halo is highly unlikely to 
provide enough information to reveal the underlying physics (supersymmetry, 
etc.) behind these particles. In contrast, collider experiments may identify a 
long-lived, weakly interacting particle, but will not be able to test its cosmological 
stability or abundance. Only by combining the information provided by many 
different experimental approaches is the mystery of dark matter's particle nature 
likely to be solved. Although the detection of dark matter in any one search 
channel would constitute a discovery of the utmost importance, it would almost 
certainly leave many important questions unanswered. 

2 THE WIMP HYPOTHESIS 

In this review, we limit our discussion to dark matter candidates which are 
heavy, electrically neutral and weakly-interacting. This class of particles, collec- 
tively known as WIMPs, are particularly well motivated, especially when their 
mass and couplings are tied to the physics of the electroweak scale. Before we 
discuss the experimental techniques for detecting dark matter particles, we will 
briefly discuss some of the most compelling motivations for electroweak-scale dark 
matter. 
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The challenge of stabilizing the mass of the Higgs boson (ie. the hierarchy prob- 
lem) leads us to expect new forms of matter to appear at or near the electroweak 
scale. The nature of any physics beyond the Standard Model which might ap- 
pear at the TeV scale, however, is tightly constrained by the precision electroweak 
measurements made at LEP. In particular, new discrete symmetries are required 
of most phenomenologically viable models of TeV scale physics (JSJ). Such sym- 
metries naturally lead to a stable particle or particles, which may potentially 
constitute the dark matter of our universe. 

A number of extensions of the Standard Model have been proposed which in- 
troduce new particle content at or near the electroweak scale, and which include 
a discrete symmetry of the form required to stabilize a potential dark matter 
candidate. The most well studied example is the lightest neutralino in super- 
symmetric models. Others examples include Kaluza-Klein hypercharge gauge 
bosons in models with universal extra dimensions ©, and the lightest T-parity 
odd particle in little Higgs theories (|10p . 

Each of these candidates have similar masses and couplings, and thus will 
undergo similar thermal histories in the early universe. At high temperatures, 
WIMPs are abundant, being freely created and annihilated in pairs. As the uni- 
verse expands and the temperature drops below the WIMPs' production thresh- 
old, however, the number density of these particles becomes rapidly suppressed. 
Ultimately, the WIMPs will "freeze out" and remain as a thermal relic of the 
universe's hot youth. The resulting density of WIMPs is given by: 

2 sq / 45 \ Xf 1 



n x h z = — (i) 

p c /h z \irg*J mpi (av) 

where so is the current entropy density of the universe, p c is the critical density, h 
is the (scaled) Hubble constant, is the effective number of relativistic degrees of 
freedom at the time that the dark matter particle goes out of thermal equilibrium, 
mpi is the Planck mass, Xf = m/Tf ~ 25 is the inverse freeze-out temperature 
in units of the WIMP mass, and (av) is the thermal average of the dark matter 
pair annihilation cross section times the relative velocity. 

In order for this process to yield a thermal abundance of dark matter within the 
range measured by WMAP (0.095 < VLh? < 0.129) (@|), the thermally averaged 
annihilation cross section is required to be (av) ~ 3 x 10~ 26 cm 3 /s (or alterna- 
tively, (av) rj 0.9 pb). Remarkably, this is quite similar to the value obtained 
for a generic electroweak mass particle annihilating through the exchange of the 
electroweak gauge or Higgs bosons. In particular, we notice that (av) = na 2 /8m 2 
leads us to a WIMP mass on the order of m ~ 100 GeV. 

We conclude that if a stable, weakly interacting, electroweak-scale particle 
exists, then it is likely to be present in the universe today with an abundance 
similar to the measured dark matter density. With this in mind, we focus our dark 
matter search strategy on this particularly well motivated scenario in which the 
dark matter particle has electroweak interactions and a mass near the electroweak 
scale. 
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3 DIRECT DETECTION 

Experiments such as XENON QJ, CDMS (fT2TT3|) . ZEPLIN CED, Edelweiss (USD, 
CRESST (USD, WARP (HTJ) and COUPP (USD are designed to detect dark matter 
particles through their elastic scattering with nuclei. This class of techniques is 
collectively known as direct detection, in contrast to indirect detection efforts 
which attempt to observe the annihilation products of dark matter particles. 

The role played by direct detection is important for a number of reasons. 
Firstly, although collider experiments may be capable of detecting dark mat- 
ter particles, they will not be able to distinguish a cosmologically stable WIMP 
from a long-lived but unstable particle. More generally speaking, colliders will 
not inform us as to the cosmological abundance of a WIMP they might observe. 
Furthermore, while the mass of the dark matter particle could potentially be 
measured by a collider experiment such as the LHC, its couplings are much more 
difficult to access in this way. Direct detection experiments, in contrast, provide 
a valuable probe of the dark matter's couplings to the Standard Model. Finally, 
the uncertainties involved in direct detection are likely to be significantly smaller 
than in most indirect detection channels. Whereas indirect detection rates rely 
critically on the distribution of dark matter, especially in high density regions, 
and on other astrophysical properties such as the galactic magnetic and radiation 
fields, direct detection experiments rely only on the local dark matter density and 
velocity distribution. 

The density of dark matter in the local neighborhood is inferred by fitting 
observations to models of the galactic halo. These observations including the 
rotational speed of stars at the solar circle and other locations, the total projected 
mass density (estimated by considering the motion of stars perpendicular to the 
galactic disk), peak-to-trough variations in the rotation curve (ie. the 'flatness 
constraint'), and microlensing. Taken together, these constraints can be used to 
estimate the local halo density to lie between 4 x 10 -25 g/cm -3 and 13 x 10~ 25 
g/cm 3 (0.22-0.73 GeV/cm 3 ) ((TUJ). Limits on the density of MACHO microlensing 
objects imply that at least 80% of this is cold dark matter. The velocity of the 
WIMPs is expected be close to the galactic rotation velocity, 230±20 km/sec (120)) . 

These observations, however, only constrain the dark matter density as av- 
eraged over scales larger than a kiloparsec or so. In contrast, the solar system 
moves a distance of ~10 -3 parsecs relative to the dark matter halo each year. If 
dark matter is distributed in an inhomogeneous way over milliparsec scales (ie. 
as a collection of dense clumps and voids), then the density along the path of the 
Earth, as seen by direct detection experiments, could be much larger or smaller 
than is inferred by the rotational dynamics of our galaxy. 

Throughout most of our galaxy's halo, however, inhomogeneities in the small 
scale dark matter distribution are not anticipated to be large. The vast majority 
of the dark matter in the inner regions of our galaxy has been in place for ~10 10 
years; ample time for the destruction of clumps through tidal interactions. Using 
high-resolution simulations, Helmi, White and Springel find that the dark matter 
in the solar neighborhood is likely to consist of a superposition of hundreds of 
thousands of dark matter streams, collectively representing a very smooth and 
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homogeneous distribution (l2"Tj) . That being said, if we happen to find our Solar 
System residing in a overdense clump or stream of dark matter, high direct de- 
tection rates could lead us to mistakenly infer an artificially large WIMP-nucleon 
elastic scattering cross section. 

The nuclear physics involved in WIMP-nuclei elastic scattering also introduces 
uncertainties which may ultimately limit the accuracy to which the dark matter's 
couplings to the Standard Model can be measured. In many models, including 
many supersymmetric models, the WIMP-nucleon scattering cross section is dom- 
inated by the i-channel exchange of a Higgs boson. The coupling of the Higgs 
boson to the proton receives its dominant contributions from two sources, the 
coupling of the Higgs to gluons through a heavy quark loop and the direct cou- 
pling of the Higgs to strange quarks (22). That means that this coupling depends 
on the parameter 

_ (p\ m s ss \p) 
TTS (P\ Hqcd b) ' { ) 

that is, the fraction of the mass of the proton that arises from the mass of the 
non-valence strange quarks in the proton wavefunction. It has been known for 
some time that there is significant uncertainty in this quantity (|23j) . and several 
recent papers have pointed out the uncertainty this introduces to calculations of 
the WIMP-nucleon elastic scattering cross section (j24|25[) . In particular, in the 
case of WIMPs which couple dominantly to the strange content of the nucleon, 
this can lead to an uncertainty in the direct detection cross section of a factor of 
4 or even larger (|24p . It is possible that this uncertainty could be reduced in the 
future through the use of lattice gauge theory (|26|27p . 

The processes of WIMP-nuclei elastic scattering can be naturally divided into 
spin-dependent and spin-independent contributions. The spin-independent, or 
coherent scattering, term is enhanced in WIMP-nucleus cross sections by factors 
of A 2 , making it advantageous to use targets consisting of heavy nuclei. This 
enhancement is due to the fact that the WIMP wavelength is of order the size 
of the nucleus, thus the scattering amplitudes on individual nucleons add co- 
herently. The spin-dependent contribution, in contrast, couples to the spin of 
the target nuclei and scales with J (J + 1). Naively, this could be considered 
a coherent subtraction of amplitudes of opposite signs of pairs of nucleons. As 
the current spin-dependent scattering constraints are not strong enough to test 
many dark matter models, we devote our attention primarily to the process of 
spin-independent scattering. 

The spin-independent WIMP-nucleus elastic scattering cross section is given 
by: 

, 2 [Zf p + (A-Z)f n f, (3) 

where is the mass of the target nucleus, mx is the WIMP's mass and Z and 
A are the atomic number and atomic mass of the nucleus. f p and f n are the 
WIMP's couplings to protons and neutrons, given by: 



q=u,d,s H q=c,b,t H 
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where a q are the WIMP-quark couplings and f!j?' n ^ denote the quark content of 
the nucleon. 

The first term in Eq. [J] corresponds to interactions with the quarks in the target 
nuclei. In the case of neutralino dark matter, this can occur through either t- 
channel CP-even Higgs exchange, or s-channel squark exchange: 



X 




H,h 



X 





X 



The second term corresponds to interactions with the gluons in the target through 
a loop diagram (a quark/squark loop in the case of supersymmetry). /^t is given 

by 1 - f^j - - m 0.84, and analogously, f$jl « 0.83. 

Besides its mass, the only thing we need to know about the WIMP itself to cal- 
culate this cross section are its couplings to quarks, a q . In the case of neutralino 
dark matter, the value of this coupling depends on many features of the super- 
symmetric spectrum. The contribution resulting from Higgs exchange depends 
on the neutralino composition, as well as the Higgs masses and couplings. 

In the case of heavy squarks, small wino component and little mixing between 
the CP-even Higgs bosons (cos a ~ 1), neutralino-nuclei elastic scattering is dom- 
inated by H exchange with strange and bottom quarks, leading to a neutralino- 
nucleon cross section approximately given by: 



a xN ~ "j 2 2~a 4~ M + -^JTG 

kKvciyy cos^ p mr H \ 27 



(ms large, cos a ~ 1) 



(5) 



where /s and fa denote the bino and higgsino fractions of the lightest neutralino 
and tan/3 is the ratio of the vevs of the two Higgs doublets in the MSSM. Note 
that the coupling involves the product of f B and Neutralinos that are purely 
gaugino-like or purely higgsino-like have zero cross section with nuclei. The fun- 
damental reason for this is that the relevant vertex is gaugino-higgsino-Higgs. 

If the heavier of the two CP-even Higgs bosons is very heavy and/or tan/3 is 
small, scattering with up-type quarks through light Higgs exchange can dominate: 



a xN 



aiaifsfii™'. 



(rriq, ran large, cos a « 1) 



(6) 



If tan/3 and mn are large and the squarks somewhat light, elastic scattering can 
instead be dominated by squark exchange: 



9hlfBfH m N 
a xN ~ ~ A q T7> 1 

47rm^ / cos z p m~ 



fas + ~^ffac 



(q dominated, tan j3 3> 1) 



(7) 



From these expressions (|28p . it is clear that the direct detection of dark matter 
alone will not be very capable of revealing much about supersymmetry or the 
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Figure 1: The current limits on the spin- independent WIMP-nuclei (normalized per 
nucleon) elastic scattering cross section, as a function of the WIMP mass. From bottom- 
to-top on the right side of the figure, these constraints come from the XENON (fTTj) . 
CDMS ((H]), WARP (jrU), ZEPLIN (|I4|), Edelweiss GU) and CRESST (16} experiments. 



The plot was generated using the tool found at http://dmtools.berkeley.edu/limitplots/ 



other underlying physics. There are a large number of degeneracies which can 
lead to a given value of the WIMP-nucleon cross section. Only by combining this 
information with collider and/or indirect detection data can one hope to infer 
the nature of the dark matter particle. 

Currently, the strongest limits on the spin-independent WIMP-nucleon cross 
section come from the XENON (jlip and CDMS (|12j) experiments, which have 
obtained an upper bound on the cross section of a ~100 GeV WIMP at the 
~10 pb level. These constraints, along with those of other experiments, are 
shown in Fig. [TJ 

There is currently a great deal of progress being made in the experimental 
field of direct detection. Within the next several months (early 2008), the CDMS 
collaboration is expected to release a new limit which will likely be the most 
stringent (assuming no detection is made). In the meantime, the XENON col- 
laboration is preparing for a run with a larger detector, with results expected 
within a year or so of this time. Beyond the next year or two, it is difficult 
to foresee which experiment (s) will be leading this search. It is still not clear 
whether detectors using liquid noble elements or cryogenic technologies will ad- 
vance most rapidly. For the time being, there are clear advantages to proceeding 
with multiple technologies. 

Despite our inability to predict how this field will develop, it is reasonable to 
expect that by 2010 or so direct detection experiments will reach the ~ 10~ 9 pb 
level of sensitivity. Roughly speaking, such cross sections are sufficient to test 
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many, if not most, supersymmetric models, as well as many WIMPs candidates 
in other particle physics frameworks. 

Given the rate at which direct dark matter experiments are developing, it is 
interesting to recognize that such experiments are likely to see their first evidence 
for WIMPs within the same time frame that the Large Hadron Collider is ex- 
pected to reveal the presence of the associated physics. In such a scenario, it will 
be essential to compare the mass of the WIMP observed in each experimental 
program. 

Direct detection experiments can determine the mass of the WIMP by mea- 
suring the distribution of the recoil energy, Er (|29|) . This varies with the mass 
of the WIMP, with a resonance where the WIMP mass equals the target mass. 
Roughly, one expects 

( e r) ~ 7j— J n 2 > ( 8 ) 

(1 + mT/m x ) z 

where tut is the target mass and v is the WIMP velocity, with corrections de- 
pending on the precise target material and the properties of the detector (p0|) . 
Assuming the standard velocity distribution in smooth halo models, with ap- 
proximately 10% uncertainty, an experiment with a Xenon or Germanium target 
that detects 100 signal events for a WIMP of mass mx = 100 GeV can expect 
to measure the mass of this particle at the 20% level, thus potentially confirming 
the cosmological stability (and abundance) of a WIMP detected at the LHC. 

If the WIMP mass inferred in a direct detection experiment was not consistent 
with that measured at the LHC, this could imply that different particle species 
are being observed, or could be the result of a nonstandard dark matter velocity 
distribution. In the future, directional dark matter detectors may help to clear 
up such a scenario. 



4 INDIRECT DETECTION 

In parallel to direct detection experiments, a wide range of indirect detection 
programs have been developed to search for the annihilation products of dark 
matter particles. In particular, searches are underway to detect neutrinos from 
dark matter annihilations in the core of the Sun, antimatter particles from dark 
matter annihilations in the galactic halo, and photons from dark matter annihi- 
lations in the halo of the Milky Way, galactic substructure and the dark matter 
distribution integrated over cosmological volumes. In this section, we briefly de- 
scribe the role of these experimental programs in the overall strategy to reveal 
dark matter's identity. 

4.1 Gamma Rays 

Searches for prompt photons generated in dark matter annihilations have a 
key advantage over other indirect detection channels in that they travel essen- 
tially unimpeded from their production site. In particular, gamma rays are not 
deflected by magnetic fields, and thus can potentially provide valuable angular 
information. For example, point sources of dark matter annihilation radiation 
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might appear from high density regions such as the Galactic Center or dwarf 
spheroidal galaxies. Furthermore, over galactic distance scales, gamma rays are 
not attenuated, and thus retain their spectral information. In other words, the 
spectrum observed at Earth is the same spectrum that was generated in the dark 
matter annihilations. 

The spectrum of photons produced in dark matter annihilations depends on the 
details of the WIMP being considered. Supersymmetric neutralinos, for example, 
typically annihilate to final states consisting of heavy fermions and gauge or 
Higgs bosons (|22p . Generally speaking, each of these annihilation modes typically 
result in a very similar spectrum of gamma rays (see, however, Ref. (|31|) ). The 
gamma ray spectrum from a WIMP which annihilates to light leptons can be quite 
different, however. This can be particularly important in the case of Kaluza-Klein 
dark matter in models with one universal extra dimension, for example, in which 
dark matter particles annihilate significantly to e + e~ and ©. 

The Galactic Center has long been considered to be one of the most promising 
regions of the sky in which to search for gamma rays from dark matter anni- 
hilations (|32p . The prospects for this depend, however, on a number of factors 
including the nature of the WIMP, the distribution of dark matter in the region 
around the Galactic Center, and our understanding of the astrophysical back- 
grounds. 

The gamma ray spectrum produced through dark matter annihilations is given 

by 

Here, (av) is the thermally averaged WIMP annihilation cross section, mx is 
the mass of the WIMP, ip is the angle observed relative to the direction of the 
Galactic Center, p(r) is the dark matter density as a function of distance to the 
Galactic Center, and the integral is performed over the line-of-sight. dN^/dE^ is 
the gamma ray spectrum generated per WIMP annihilation. 

Averaging over a solid angle centered around a direction, ip, we arrive at 

d> 7 (£ 7 ) - 2.8 x 10- 12 cm- 2 s- 1 ^ ( ffi ( ±™) 2 J(Att, ^Afl, 

7V ° dE 7 V3 x 10- 26 cm 3 / S y V m x / 

(10) 

where Af2 is the solid angle observed. The quantity J(AO,?/>) depends only 
on the dark matter distribution, and is the average over the solid angle of the 
quantity: 

JW = ^( o.3GeV/cm3 )7o/ (r( '' WdL <"> 
J(ip) is normalized such that a completely flat halo profile, with a density equal 
to the value at the solar circle, integrated along the line-of-sight to the Galactic 
Center would yield a value of one. In dark matter distributions favored by N-body 
simulations, however, this value can be much larger. The Narvarro-Frenk- White 
profile (|33p . which is a commonly used benchmark halo model, leads to values 
of J(Afl = 10~ 5 sr, ip = 0) ~ 10 5 . The effects adiabatic contraction due to the 
cooling of baryons is further expected to increase this quantity (i34|) . 
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The recent discovery of a bright, very high-energy gamma ray source in the 
galactic center region by the Atmospheric Cerenkov Telescopes HESS ([55]) . MAGIC (|3"6"|). 
WHIPPLE (J37D and CANGAROO-II ([38]) has made efforts to identify gamma 
rays from dark matter annihilations more difficult. This source appears to be coin- 
cident with the dynamical center of the Milky Way (Sgr A*) and has no detectable 
angular extension (less than 1.2 arcminutes). Its spectrum is well described by 
a power-law, dN 1 /dE 1 oc E~ a , where a = 2.25 ± 0.04(stat) ± O.lO(syst) over 
the range of 160 GeV to 20 TeV. Although speculations were initially made that 
this source could be the product of annihilations of very heavy (> 10 TeV) dark 
matter particles (|39p . the spectral shape appears inconsistent with a dark matter 
interpretation. The source of these gamma rays is more likely an astrophysical 
accelerator associated with our Galaxy's central supermassive black hole (|40|) . 
Although this gamma ray source represents a formidable background for GLAST 
and other experiments searching for dark matter annihilation radiation (|4ip . it 
may be possible to reduce the impact of this and other backgrounds by studying 
the angular distribution of gamma rays from this region of the sky (|42p . 

The prospects for identifying dark matter annihilation radiation from the Galac- 
tic Center depends critically on the unknown dark matter density within the inner 
parsecs of the Milky Way and on the properties of the astrophysical backgrounds 
present. If these characteristics are favorable, then the Galactic Center is very 
likely to be the most promising region of the sky to study. If not, other regions 
with high dark matter densities may be more advantageous. 

Dwarf spheroidal galaxies within and near the Milky Way provide an oppor- 
tunity to search for dark matter annihilation radiation with considerably less 
contamination from astrophysical backgrounds. The flux of gamma rays from 
dark matter annihilations in such objects, however, is also expected to be lower 
than from a cusp in the center of the Milky Way (43 44 45). As a result, planned 
experiments are likely to observe dark matter annihilation radiation from dwarf 
galaxies only in the most favorable range of particle physics models. 

The integrated gamma ray signal from dark matter annihilations throughout 
the cosmological distribution of dark matter may also provide an opportunity to 
identify the products of dark matter annihilations. The ability of future gamma 
ray telescopes to identify a dark matter component of the diffuse flux depends 
strongly on the fraction of the extragalactic gamma ray background observed 
by the EGRET experiment which will be resolved as individual sources, such 
as blazars. If a large fraction of this background is resolved, the remaining ex- 
tragalactic signal could potentially contain identifiable signatures of dark matter 
annihilations (|46p . 

The telescopes potentially capable of detecting gamma rays from dark matter 
annihilations in the near future include the satellite-based experiment GLAST (47), 
and a number ground based Atmospheric Cerenkov Telescopes, including HESS, 
MAGIC and VERITAS. The roles played by each of these two classes of experi- 
ments in the search for dark matter are quite different. GLAST will continuously 
observe a large fraction of the sky, but with an effective area far smaller than pos- 
sessed by ground based telescopes. Ground based telescopes, in contrast, study 
the emission from a small angular field, but with far greater exposure. Further- 
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more, while ground based telescopes can only study gamma rays with energy 
greater than ~100 GeV, GLAST will be able to directly study gamma rays with 
energies over the range of 100 MeV to 300 GeV. 

As a result of the different energy ranges accessible by these experiments, 
searches for dark matter particles lighter than a few hundred GeV are most 
promising with GLAST, while ground based telescopes are better suited for heav- 
ier WIMPs. The large field-of-view of GLAST also makes it well suited for mea- 
surements of the diffuse gamma ray background. GLAST is also expected to de- 
tect a number of unidentified sources, some of which could potentially be signals 
of dark matter substructures. Follow up observations with ground based gamma 
ray telescopes would be very useful for clarifying the nature of such sources. 

4.2 Antimatter 

WIMP annihilations in the galactic halo generate charged anti-matter particles: 
positrons, anti-protons and anti-deuterons. Unlike gamma rays, which travel 
along straight lines, charged particles move under the influence of the Galactic 
Magnetic Field, diffusing and losing energy, resulting in a diffuse spectrum at 
Earth. By studying the cosmic anti-matter spectra, satellite-based experiments 
such as PAMELA (gSJ and AMS-02 (gSJ may be able to identify signatures of dark 
matter. PAMELA began its three- year satellite mission in June of 2006. AMS-02 
is planned for later deployment onboard the International Space Station. 

As compared to antiprotons and antideuterons, cosmic positrons are attractive 
probes of dark matter for several reasons. In particular, positrons lose the ma- 
jority of their energy over typical length scales of a few kiloparsecs or less (|50p . 
The cosmic positron spectrum, therefore, samples only the local dark matter 
distribution and is thus subject to considerably less uncertainty than the other 
anti-matter species. Additionally, data from the HEAT (|5ip and AMS-01 exper- 
iments (|52p contain features which could plausibly be the consequence of dark 
matter annihilations in the local halo. 

The spectral shape of the cosmic positron spectrum generated in dark matter 
annihilation depends on the leading annihilation modes of the WIMP in the low 
velocity limit. Bino-like neutralinos, for example, typically annihilate to heavy 
fermion pairs: bb with a small t + t~ admixture, along with a fraction to tt if m x J> 
rat. Wino or higgsino-like neutralinos annihilate most efficiently to combinations 
of Higgs and gauge bosons. In other particle dark matter candidates, such as 
Kaluza-Klein dark matter in models with universal extra dimensions, annihilation 
to light charged leptons can lead to a much harder positron spectrum than is 
expected from neutralinos ([53]) . 

Once positrons are injected into the local halo through dark matter annihila- 
tions, they propagate under the influence of galactic magnetic fields, gradually 
losing energy through synchrotron emission and inverse Compton scattering with 
radiation fields, such as starlight and the cosmic microwave background. The 
spectrum observed at Earth is found by solving the diffusion-loss equation ([54 
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where dn e + / dE e + is the number density of positrons per unit energy, K(E e +,x) 
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Figure 2: The positron fraction including the contribution from dark matter annihilations 
compared to the measurements of the HEAT experiment (|51[) . Results are shown in each 
frame for WIMP masses of 100, 300 and 600 GeV. In the left (right) frame, the WIMP 
is assumed to annihilate to bb (a mixture of ZZ and W" 1 "!!^). If an annihilation cross 
section of av w 3 x 10~ 26 cm 3 /s and a local density of 0.3 GeV/cm 3 is assumed, the 
annihilation rate must be boosted by a factor of approximately 50 or more to normalize 
to the HEAT data. The solid line shown denotes the prediction from the Galactic cosmic 
ray model of Ref. (|57|). 



is the diffusion constant, b(E e +,x) is the rate of energy loss and Q(E e +,x) is 
the source term, which contains all of the information about the dark matter 
annihilation modes, cross section, and distribution. To solve the diffusion- loss 
equation, a set of boundary conditions must be adopted. In this application, the 
boundary condition is described as the distance from the galactic plane at which 
the positrons can freely escape, L. These diffusion parameters can be constrained 
by studying the spectra of various species of cosmic ray nuclei, most importantly 
the boron-to-carbon ratio (l55j) . 

In Fig. [21 the ratio of positrons to positrons plus electrons in the cosmic ray 
spectrum is shown as a function of energy, including a possible contribution from 
dark matter annihilations. Also shown are the measurements from the HEAT 
experiment (|51 j) . which may possibly contain an excess in comparison to stan- 
dard astrophysical expectations at energies above 7 GeV or so. While positrons 
from dark matter annihilations are indeed able to generate this possible excess, 
it requires a somewhat larger annihilation rate than is typically expected. In 
particular, if a smooth dark matter halo and an annihilation cross section of 
(tv ~ 3 x 10 -26 cm 3 /s (as required to thermally produce the observed dark mat- 
ter abundance via S-wave processes) are assumed, the annihilation rate will be a 
factor of 50 or more too low to generate the spectrum measured by HEAT. Fluc- 
tuations in the local dark matter density, however, could lead to enhancements in 
the local annihilation rate, known as the "boost factor". It is typically expected 
that this quantity could be as large as 5 to 10. Although boost factors of 50 or 
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more are not impossible, such large values would be somewhat surprising. 

If the positron flux observed by HEAT is in fact the result of annihilating 
dark matter, then the corresponding spectrum will be precisely measured by 
PAMELA (@HD and AMS-02 (@2J). If not, then the detection of positrons from 
dark matter annihilations will be more difficult, but perhaps still possible ()56j) . 

Unlike gamma ray measurements of the Galactic Center or dwarf galaxies, 
observations of the cosmic positron spectrum (as well as the antiproton and an- 
tideuteron spectra) could potentially provide a measurement of the dark matter 
annihilation rate over large volumes of space. Such a measurement, therefore, 
could be used to determine the product of the WIMP's annihilation cross section 
and its density squared, averaged over the sampled volume (roughly a few cubic 
kiloparsec region, corresponding to the distance a typical positron travels from 
its point of origin before losing the majority of its energy). As a result of this 
limited range, only the dark matter distribution in the local halo is relevant to the 
observed cosmic positron flux. Assuming there are no very large and unknown 
clumps of dark matter in the surrounding kiloparsecs (which, although not im- 
possible, is very unlikely (58)), a measurement of the cosmic positron spectrum 
could be used to infer the dark matter particle's annihilation cross section (in the 
low velocity limit) with a comparatively modest degree of uncertainty coming 
from the unknown distribution of dark matter. 



4.3 Neutrino Telescopes 

Although dark matter annihilations in the galactic halo produce too few neu- 
trinos to be detected (59), annihilations which occur in the center of the Sun 
could potentially generate an observable flux of high energy neutrinos (|60j) . 

Dark matter particles scatter elastically with and become captured in the Sun 
at a rate given by ([6T]) 

, (13) 



C° « 3.35 x 10 19 s- f^,SD+^,si + 0-07^,sA / 100GeV\ 



where mx is the dark matter particle's mass. <th,sD) ch,si and 0"He,si are the spin 
dependent (SD) and spin independent (SI) elastic scattering cross sections of the 
WIMP with hydrogen and helium nuclei, respectively. The factor of 0.07 reflects 
the solar abundance of helium relative to hydrogen and well as dynamical factors 
and form factor suppression. 

Notice that the capture rate is suppressed by two factors of the WIMP mass. 
One of these is simply the result of the depleted number density of WIMPs 
in the local halo (n oc 1/m) while the second factor is the result of kinematic 
suppression for the capture of a WIMP much heavier than the target nuclei, 
in this case hydrogen or helium. If the WIMP's mass were comparable to the 
masses of hydrogen or helium nuclei, these expressions would no longer be valid. 
For WIMPs heavy enough to generate neutrinos detectable in the high-energy 
neutrino telescopes, Eq. [13] should be applicable. 

If the capture rate and annihilation cross sections are sufficiently large, equi- 
librium will be reached between these processes. For a number of WIMPs in the 
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Sun, N, the rate of change of this quantity is given by 

N = C & - A e N 2 , (14) 

where C® is the capture rate and A® is the annihilation cross section times the 
relative WIMP velocity per volume. A® can be approximated by 

where V e g is the effective volume of the core of the Sun determined roughly by 
matching the core temperature with the gravitational potential energy of a single 
WIMP at the core radius. This was found in Refs. (|62|63p to be 

V^5.7*HFcm'(±^X) 3/ \ (16) 
V m x J 

The present WIMP annihilation rate in the Sun is given by 

r = ^A @ N 2 = i C° tanh 2 (VC®I®t ) , (17) 

where t & ~ 4.5 billion years is the age of the solar system. The annihilation 
rate is maximized when it reaches equilibrium with the capture rate. This occurs 
when 

\fC®A®t & > 1 . (18) 

If this condition is met, the final annihilation rate (and corresponding neutrino 
flux and event rate) has no further dependence on the dark matter particle's 
annihilation cross section. 

WIMPs can generate neutrinos through a wide range of annihilation channels. 
Annihilations to heavy quarks, tau leptons, gauge bosons and Higgs bosons can 
all generate neutrinos in the subsequent decay. In some models, WIMPs can also 
annihilate directly to neutrino pairs. 

Once produced, neutrinos can travel to the Earth where they can be detected. 
The muon neutrino spectrum at the Earth from WIMP annihilations in the Sun 
is given by: 

dN Ult C & F Eq fdN^ Ini 



where Cq is the WIMP capture rate in the Sun, F Eq is the non-equilibrium 
suppression factor (~ 1 for capture- annihilation equilibrium), D^o, is the Earth- 
Sun distance and (^j^) 1 "^ is the neutrino spectrum from the Sun per WIMP 
annihilating. Due to f„ — v T vacuum oscillations, the muon neutrino flux from 
WIMP annihilations in the Sun observed at Earth is the average of the Vn and 
v T components. 

Muon neutrinos produce muons in charged current interactions with ice or wa- 
ter nuclei inside or near the detector volume of a high energy neutrino telescope. 
The rate of neutrino-induced muons observed in a high-energy neutrino telescope 
is estimated by: 

^events * j f ^ ^{ E u„y) Mi 1 ~ V) E ») A ^ dy, (20) 
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Figure 3: The event rate in a kilometer-scale neutrino telescope such as IceCube as a 
function of the WIMP's effective elastic scattering cross section in the Sun for a variety 
of annihilation modes. The effective elastic scattering cross section is defined as a c s = 
ch,sd+ o h,si+0.07 CHe.si, following Eq. 1131 The dashes, solid and dotted lines correspond 
to WIMPs'of mass 100', 300 and 1000 GeV, respectively. 

where a v {E Vy ) is the neutrino- nucleoli charged current interaction cross section, 
(1 — y) is the fraction of neutrino energy which goes into the muon, A e R is the 
effective area of the detector, R^((l — y) E v ) is the distance a muon of energy, (1 — 
y)E v , travels before falling below the muon energy threshold of the experiment 
(ranging from ~1 to 100 GeV), called the muon range. 

The spectrum and flux of neutrinos generated in WIMP annihilations depends 
on the annihilation modes which dominate, and thus is model dependent. For 
most annihilation modes, however, the variation from model-to-model is not dra- 
matic. In Fig. [3l the event rate in a kilometer-scale neutrino telescope (with a 
50 GeV muon energy threshold) is shown as a function of the WIMP's effective 
elastic scattering cross section for a variety of annihilation modes (|65p . The effec- 
tive elastic scattering cross section is defined as a e s = <th,sd+ o"h,si + 0.07o"H e ,si) 
following Eq. [T3J These rates are indicative of that expected for experiments such 
as IceCube at the South Pole (66), or a future kilometer-scale neutrino telescope 
built in the Mediterranean Sea (|67p . To detect neutrinos from WIMP annihi- 
lations in the Sun over the background of atmospheric neutrinos, a rate in the 
range of 10-100 events per square-kilometer, per year is required. 
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Currently, the Super-Kamiokande experiment has placed the strongest bounds 
on high-energy neutrinos from the direction of the Sun (|68|) . In this application, 
Super-K has two primary advantages over other neutrino detectors. Firstly, they 
have analyzed data over a longer period than most of their competitors, a total 
of nearly 1700 live days. Secondly, Super-K was designed to be sensitive to 
low energy (~GeV) neutrinos, which gives them an advantage in searching for 
lighter WIMPs. Super-K's upper limit on neutrino-induced muons above 1 GeV 
from WIMP annihilations in the Sun is approximately 1000 to 2000 per square 
kilometer per year for WIMPs heavier than 100 GeV, and approximately 2000 to 
5000 per square kilometer per year for WIMPs in the 20 to 100 GeV range. The 
precise value of these limits depends on the WIMP annihilation mode considered. 

The Amanda-II (|69p . Baksan (70) and Macro (|71D experiments have each placed 
limits on the flux of neutrino-induced muons from the Sun that are only slightly 
weaker than Super-Kamiokande's. The limit placed by the Amanda experiment 
resulted from only 144 live days of data. Having operated the detector for seven 
years, Amanda is expected to produce significantly improved bounds in the fu- 
ture. 

In addition to these experiments, the next generation neutrino telescopes Ice- 
Cube and Antares are currently under construction at the South Pole and in the 
Mediterranean, respectively. IceCube, with a full cubic kilometer of instrumented 
volume, will be considerably more sensitive to WIMP annihilations in the Sun 
than other planned or existing experiments (66). Antares, with less than one 
tenth of the effective area of IceCube, will have the advantage of a lower energy 
threshold, and may thus be more sensitive to low mass WIMPs (72). Beyond 
Antares, there are also plans to build a kilometer-scale detector in the Mediter- 
ranean Sea (|6T|) . 

From Fig. O we see that a WIMP-proton elastic scattering cross section on 
the order of 10 -6 pb or greater is needed if kilometer-scale neutrino telescopes 
are to detect a signal from dark matter annihilations. Elastic scattering cross 
sections of this size are constrained by the absence of a positive signal in di- 
rect detection experiments, however. Currently, the strongest constraints on the 
WIMP-nucleon, spin-independent elastic scattering cross section have been made 
by the XENON §n§ and CDMS experiments dHj), who each place limits be- 
low 10 -6 pb. Therefore, if current or planned neutrino telescopes are to detect 
neutrinos from dark matter annihilations in the Sun, they must scatter elasti- 
cally with nuclei in the Sun via spin-dependent interactions, which are far less 
strongly constrained by direct detection experiments. The strongest bounds on 
the WIMP-proton spin-dependent cross section have been made by the NAIAD 
experiment (|73j) . This result limits the spin-dependent cross section with protons 
to be less than approximately 0.3 pb for a WIMP in the mass range of 50-100 GeV 
and less than 0.8 pb (m x /500 GeV) for a heavier WIMP. The PICASSO (JZU) and 
CDMS (|13p experiments have placed limits on the spin-dependent WIMP-proton 
cross section roughly one order of magnitude weaker than the NAIAD result. 

A WIMP with a largely spin-dependent scattering cross section with protons 
may thus be capable of generating large event rates in high energy neutrino 
telescopes. Considering, for example, a 300 GeV WIMP with an elastic scattering 
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cross section near the experimental limit, Fig. [3] suggests that rates as high as 
~ 10 6 per year could be generated if purely spin-dependent scattering contributes 
to the capture rate of WIMPs in the Sun. 

The relative size of the spin-independent and spin-dependent elastic scattering 
cross sections depend on the nature of the WIMP in question. For a neutralino, 
these cross sections depend on its composition and on the mass spectrum of the 
exchanged Higgs bosons and squarks. Spin dependent, axial-vector, scattering 
of neutralinos with quarks within a nucleon is made possible through the t- 
channel exchange of a Z, or the s-channel exchange of a squark. Spin independent 
scattering occurs at the tree level through s-channel squark exchange and t- 
channel Higgs exchange, and at the one-loop level through diagrams involving a 
loop of quarks and/or squarks. 

For higgsino-like or mixed higgsino-bino neutralinos, the spin dependent cross 
section can be somewhat larger than the spin independent, which is potentially 
well suited for the prospects for indirect detection. In particular, spin-dependent 
cross sections as large as ~ 10 -3 pb are possible even in models with very small 
spin-independent scattering rates. Such neutralinos would go easily undetected 
in all planned direct detection experiments, while still generating on the order of 
~ 1000 events per year at IceCube. 

4.4 Synchrotron Emission 

As described in Sec. 14.21 electrons and positrons produced in dark matter 
annihilations travel under the influence of the Galactic Magnetic Field, losing 
energy through Compton scattering off of starlight, cosmic microwave background 
photons and far infrared emission from dust, and through synchrotron emission 
from interactions with the Galactic magnetic field. The relative importance of 
these processes depends on the energy densities of radiation and magnetic fields. 

The processes of synchrotron emission and inverse Compton scattering each 
lead to potentially observable byproducts ()75j) . For dark matter particles with 
electroweak scale masses, the resulting synchrotron photons typically fall in the 
microwave frequency band, and thus are well suited for study with cosmic mi- 
crowave background experiments (|76p . The inverse Compton scattering of highly 
relativistic electrons and positrons with starlight photons, on the other hand, can 
generate photons with MeV-GeV energies. 

5 THE ROLE OF COLLIDERS 

Among other new states, particles with TeV scale masses and QCD color are 
generic features of models of electroweak symmetry breaking. These particles 
appear as counterparts to the quarks to provide new physics associated with the 
generation of the large top quark mass. In many scenarios, including supersym- 
metry, electroweak symmetry breaking arises as a result of radiative corrections 
due to these particles, enhanced by the large coupling of the Higgs boson to the 
top quark. 

Any particle with these properties will be pair-produced at the Large Hadron 
Collider (LHC) with a cross section of tens of picobarns (|77p . That particle (or 
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particles) will then subsequently decay to particles including quark or gluon jets 
and the lightest particle in the new sector (ie. the dark matter candidate) which 
proceeds to exit the detector unseen. For any such model, the LHC experiments 
are, therefore, expected to observe large numbers of events with many hadronic 
jets and an imbalance of measured momentum. These 'missing energy' events are 
signatures of a wide range of models that contains an electroweak scale candidate 
for dark matter. 

If TeV-scale supersymmetry exists in nature, it will very likely be within the 
discovery reach of the Large Hadron Collider (LHC). The rate of missing energy 
events depends strongly on the mass of the colored particles that are produced 
and only weakly on other properties of the model. In Fig. [U the estimates of the 
ATLAS collaboration are shown for the discovery of missing energy events (|78p. 
If squarks or gluinos have masses below 1 TeV, the missing energy events can 
be discovered with an integrated luminosity of 100 pb _1 , about 1% of the LHC 
first-year design luminosity. Thus, we will know very early in the LHC program 
that a WIMP candidate is being produced. 

By studying the decays of squarks and/or gluinos it will also be possible to 
discover other superpartners at the LHC. For example, in many models, decays 
of the variety, q — ► X2Q ~^ I^Pq — ► Xi^ + ^~Qi provide a clean signal of super- 
symmetry in the form of l + l~ + jets + missing Et- By studying the kinematics 
of these decays, the quantities rriq, rn x o, and m x o could each be potentially 
reconstructed (79 80 81). More generally speaking, the LHC is, in most models, 
likely to measure the mass of the lightest neutralino to roughly 10% accuracy, and 
may also be able to determine the masses of one or more of the other neutralinos, 
and any light sleptons ([82]) . Charginos are more difficult to study at the LHC. 

The heavy, neutral Higgs bosons of the MSSM (A, H), can also be potentially 
produced and studied at the LHC. In particular, in models with large tan /3, heavy 
Higgs bosons have enhanced couplings to down-type fermions, thus leading to 
potentially observable di-tau final states. If enough of these events are observed, 
the masses of the heavy Higgs bosons could be potentially reconstructed, and 
tan (3 measured (|83|84[) . 

Prospects for the discovery of supersymmetry at the Tevatron, although not 
nearly as strong as at the LHC, are also exciting. The most likely discovery 
channel at the Tevatron is probably through clean tri-lepton plus missing energy 
events originating from the production of a chargino and a heavy neutralino, 
followed by a decay of the form, X X2 ~^ vl^l + l~ — > w$l l + l~Xi Only 
models with rather light gauginos (neutralinos and charginos) and sleptons can 
be discovered in this way, however. For some of the recent results from super- 
symmetry searches at the Tevatron, see Ref. (86). 

Measurements of particle masses and other properties at the LHC can provide 
an essential cross check for direct and indirect detection channels. In particular, 
neither direct nor indirect detection experiments provide information capable of 
identifying the overall cosmological abundance of a WIMP, but instead infer only 
combinations of density and interaction cross section, leaving open the possibility 
that an observation may be generated by a sub-dominant component of the cos- 
mological dark matter with a somewhat larger elastic scattering or annihilation 
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Figure 4: The discovery reach for supersymmetry via the missing energy plus jets sig- 
nature by the ATLAS experiment at the LHC. The three sets of contours correspond to 
levels of integrated luminosity at the LHC (in fb -1 ), contours of constant squark mass, 
and contours of constant gluino mass. From Ref. (|78|) . 
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Figure 5: The ability of the LHC and a future ILC to infer the neutralino relic abundance 
(left) and elastic scattering cross section (right). The results shown are for a specific 
benchmark supersymmetry model (LCC2). See Ref. ([87]) for more details. 
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cross section. Collider measurements can help to clarify this situation. 

In the left frame of Fig. we show the ability of the LHC to infer the ther- 
mal neutralino relic abundance from measurements of sparticle masses and other 
properties. The results shown are for a specific benchmark supersymmetric model 
(see Ref. (187) ) . but are not atypical. In this case, the LHC can infer Q x h 2 to lie 
roughly within 0.05 to 0.2 (assuming properties such as R-parity conservation), 
which, along with a detection in either a direct or indirect channel, would pro- 
vide a strong confirmation that the observed neutralino does in fact constitute 
the bulk of the cosmological dark matter. 

In the right frame of Fig. the same supersymmetric model is considered, but 
instead showing the LHC's ability to determine the neutralino- nucleon elastic 
scattering cross section. This information would be very useful in combination 
with a direct detection signal. In particular, it would enable uncertainties in the 
local dark matter density to be reduced with confidence. 

Also shown in each frame of Fig. [5] are the results which could be obtained 
from a future 500 GeV or 1 TeV (center-of-mass) e + e~ linear collider, such as 
the International Linear Collider (ILC) (|88p . Such an experiment would have 
considerable advantages over hadron colliders such as the Tevatron or the LHC. 
Although hadron colliders can reach very high center-of-mass energies, and thus 
play an essential role as discovery machines, lepton colliders are best suited for 
lower energy, precision measurements. In particular, at an electron-positron col- 
lider, the process e + e~ — > XX can provide an exquisite diagnostic of the quantum 
numbers of the massive particle, X. As long as only the diagrams with annihila- 
tion through 7 and Z are relevant, the angular distribution and threshold shape 
of the reaction are characteristic for each spin, and the normalization of the cross 
section directly determines the SU(2) x U(l) quantum numbers. These tests can 
be applied to any particles with electric or weak charge whose pair-production 
thresholds lie in the range of the collider. Such a measurement could be used to 
pin down the spin and quantum numbers of a given particle and bring us a long 
way toward the qualitative identification of the underlying model. 

We cannot emphasize enough the importance of the complementary roles played 
by each of the LHC and ILC programs. Whereas the LHC can more easily reach 
high energies and offers very large cross sections for specific states of a model of 
new physics, the ILC will likely reach fewer states in the new particle spectrum, 
but will provide extremely incisive measurements of the properties of the particles 
that are available to it. Furthermore, the particles within the ILC reach are typi- 
cally the ones on which the dark matter density depends most strongly. Although 
both the LHC and ILC can make precision measurements, the measurements at 
the ILC typically have a more direct interpretation in terms of particle masses 
and couplings. 

6 SUMMARY 

In this review, we have attempted to summarize the diverse and complemen- 
tary roles played by the various direct, indirect and collider searches for particle 
dark matter. As of 2008, there has not yet been a clear or conclusive detection of 
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dark matter's non-gravitational interactions. There is reason to be optitmistic, 
however, that such a detection will be made within the next few years, mov- 
ing the field beyond the discovery phase and into the measurement phase of the 
quest to reveal dark matter's nature and particle identity. As next generation 
direct detection experiments such as Super-CDMS, XENON-plus, LUX and oth- 
ers come online, most TeV-scale models containing a viable WIMP candidate 
will become within reach of these programs. Indirect detection experiments, in- 
cluding GLAST, VERITAS, HESS, MAGIC, PAMELA, AMS-02, IceCube and 
others are also rapidly advancing, and may see the first signals of dark matter 
annihilations. As the Large Hadron Collider begins its operation later this year, 
a new window into high-energy phenonoma will be opened. If dark matter is 
associated with physics of the electroweak scale, it is very likely to be within the 
discovery reach of this experiment. 

The various experimental programs described in this review are each poten- 
tially capable of bringing very different measurments to the table. Although any 
one of these programs may be the first to discover particle dark matter, no single 
experiment or observation will answer all of our questions concerning this sub- 
stance. Only by combining several of these detection methods together will it be 
possible to conclusively identify the dark matter of our universe. 
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